The metaphase-anaphase transition is orchestrated through proteolysis of numerous proteins by a ubiquitin protein ligase called the anaphase-promoting complex or cyclosome (APC/C) 1 . A crucial aspect of this process is sister chromatid separation, which is thought to be mediated by separase, a thiol protease activated by the APC/C. Separase cleaves cohesin, a ring-shaped complex that entraps sister DNAs 2,3 . It is a matter of debate whether cohesin-independent forces also contribute to sister chromatid cohesion [4] [5] [6] . Using 4D livecell imaging of Drosophila melanogaster syncytial embryos blocked in metaphase (via APC/C inhibition), we show that artificial cohesin cleavage 7 is sufficient to trigger chromosome disjunction. This is nevertheless insufficient for correct chromosome segregation. Kinetochore-microtubule attachments are rapidly destabilized by the loss of tension caused by cohesin cleavage in the presence of high Cdk1 (cyclin-dependent kinase 1) activity, as occurs when the APC/C cannot destroy mitotic cyclins. Metaphase chromosomes undergo a bona fide anaphase when cohesin cleavage is combined with Cdk1 inhibition. We conclude that only two key events, opening of cohesin rings and downregulation of Cdk1, are sufficient to drive proper segregation of chromosomes in anaphase.
Correct attachment of sister DNAs to microtubules during mitosis depends on a force that actively holds them together. It is a matter of ongoing debate whether cohesin-independent forces (be they sister DNA catenation [8] [9] [10] [11] or proteinaceous linkages provided by the origin recognition complex, ORC 12 , or condensin 13 ) contribute to sister chromatid cohesion in metaphase cells [4] [5] [6] . If cohesin alone resists spindle forces before anaphase, then artificial opening of the cohesin ring by an exogenous protease should trigger sister chromatid disjunction in the absence of separase activity. If, on the other hand, cohesin were just one of several mechanisms holding sister chromatids together, then cleavage should not suffice. This key experiment has so far only been performed in yeast, where cleavage of the α-kleisin subunit of cohesin by the tobacco etch virus (TEV) protease in cells arrested in metaphase initiates disjunction of most sister DNAs, but not those of repetitive rDNAs, within the nucleolus 14, 15 . It is nevertheless argued that the larger chromosomes of animal and plant cells, or indeed other fungi, have very different properties. To address this, we used strains of the fruit fly Drosophila whose α-kleisin subunit Rad21 has been replaced by a version containing TEV cleavage sites (Rad21 TEV ; ref. 7) . TEV protease injection caused catastrophic mitotic failure in Rad21
TEV embryos ( Supplementary  Information, Fig. S1 ). When injected before, or during early stages of, mitosis, it caused sister chromatids to disjoin as soon as the nuclear envelope broke down. This precocious loss of sister chromatid cohesion was accompanied by a prometaphase delay and was eventually followed by highly abnormal anaphases with extensive chromatin bridges. These results are in agreement with previous studies on cohesin depletion in a variety of metazoa 7, [16] [17] [18] [19] and are consistent with the notion that cohesin is essential for sister chromatid cohesion. However, such experiments do not address the role of cohesin during prometaphase or metaphase when only centromeric cohesin can be detected on chromosomes 20 . The loss of sister chromatid cohesin during mitosis could be a secondary effect caused by a lack of cohesin during DNA replication or G2 phase. That is, the role of cohesin in holding sister chromatids together could mainly be confined to cells in S and G2 phases, during which much larger amounts of cohesin are associated with chromosomes.
To address the role of cohesin within metaphase chromosomes themselves, we needed to observe the effect of cleaving Rad21 in metaphase cells that had entered mitosis with a normal complement of cohesin complexes. To do this, it was first necessary to devise a method of arresting the chromosome cycle of syncytial embryos in metaphase. Premature activation of the APC/C is inhibited by the spindle assembly checkpoint (SAC), which promotes entrapment of the APC/C activator Cdc20 by the Mad2 protein 21 . To test whether high doses of Mad2 are sufficient to sequester Cdc20 and prevent anaphase onset, we injected either wild-type Mad2 protein or a modified version (Mad2 L13Q ) that preferentially adopts a conformation favouring Cdc20 embrace 22 into pre-blastoderm early embryos. Both proteins induced metaphase arrest (data not shown) but the effect of Mad2 L13Q was more pronounced, arresting nuclear cycles in metaphase for at least 30 min ( Fig. 1b; data not shown). Arrest depends on Mad2-Cdc20 interaction, as a truncated version of Mad2 lacking its Cdc20-binding domain (Mad2 ∆C ; ref. 23 ) had no effect on the chromosome cycle ( Supplementary Information, Fig. S2 ). For reasons described below, we also wished to block APC/C activity using a method that did not involve the SAC. We therefore injected into Drosophila syncytial embryos a catalytic-dead version of the human ubiquitin-conjugating enzyme E2 UbcH10 (UbcH10 C114S ), which should block destruction of 'early' APC/C substrates such as cyclin A and Nek2A in addition to late ones, such as securin and cyclin B 24 . This also caused a robust metaphase arrest (Fig. 1c) . During both types of arrest, sister kinetochores bi-oriented and generated tension sufficient to turn off the SAC, as witnessed by a reduction in kinetochore-associated BubRI ( Supplementary  Information, Fig. S3 ), a SAC protein that decorates kinetochores that have not yet bi-oriented 25, 26 .
To address the role of cohesin within mitotic chromosomes, we injected TEV protease into embryos arrested in metaphase (for 5-10 min) by a previous injection with Mad2 TEV and on TEV proteolytic activity ( Supplementary Information, Fig. S4 ). To compare the dynamics and fidelity of TEV-induced anaphase chromosome movements with those of cycling nuclei, we repeated the experiment with embryos derived from flies expressing a Cid-EGFP transgene 27 , which enables visualization of centromere-specific histone H3. In all Rad21 TEV embryos, catalytically active TEV protease caused all eight centromere pairs to disjoin and sister chromatids to move towards opposite poles ( Supplementary Information, Fig. S5 ). Very similar results were obtained when the metaphase arrest was caused by UbcH10 C114S ( Supplementary  Information, Figs S5, S6 ). We conclude that cohesin cleavage is sufficient to trigger sister chromatid disjunction. A corollary is that during metaphase there are no forces resisting the tendency of microtubules to disjoin sister chromatids other than those dependent on cohesin.
Although cleavage of cohesin was sufficient to disjoin sister chromatids, chromosome segregation induced by cohesin cleavage was abnormal in a number of respects. Centromeres disjoined asynchronously (Fig. 2b) and moved towards poles three to four times more slowly than in control embryos ( Fig. 2c-e) . A possible reason for slow chromosome segregation induced by cohesin cleavage is that sister chromatids are additionally connected by cohesin-independent mechanisms, such as sister DNA intertwining (catenation), which could hinder the disjunction process. Such resistance would be expected to produce visible anaphase bridges, which were not observed. This suggests that either decatenation has largely been completed in Mad2 L13Q metaphase-arrested chromosomes or that topoisomerase II (Topo II) activity is adequate to resolve any remaining catenation in a timely manner as spindle forces draw sister chromatids towards the poles. To address this, we tested the effect of inhibiting Topo II activity by . In agreement with previous findings 28 , embryos injected with ICRF-193 at the beginning, or during early stages, of mitosis exhibited extensive chromatin bridges during anaphase ( Supplementary Information, Fig. S7 ). In contrast, when injected shortly before TEV protease in embryos arrested in metaphase, ICRF-193 caused only modest changes in chromosome segregation dynamics, despite having a pronounced effect on chromosome condensation ( Supplementary  Information, Fig. S8 ). Inhibition of Topo II had little or no effect on the initiation of centromere segregation (40.2 ± 21.4 s and 43.4 ± 16.0 s after TEV injection, with and without ICRF-193, respectively), but caused the process to be even more asynchronous (Fig. 2b) , possibly reflecting a greater dependence of some chromosomes on Topo II activity than others. Thus, the inhibitor often delayed disjunction of the arms of larger chromosomes (Fig. 2a , arrowhead in right panel, at 8 min) and caused a ~30% reduction in velocity of centromere movements ( Fig. 2c-e ; Supplementary Information, Movie S3). These data imply that Topo II may have completed most decatenation before TEV injection, but that it also functions after disjunction has been triggered by cohesin cleavage.
In addition to their slower movement towards the poles, chromatids disjoined by TEV underwent highly abnormal trajectories soon after their initial disjunction. They frequently ceased movement towards the original pole and moved rapidly in the opposite direction (Fig. 3a) . Rings denote percentage of relative frequencies, normalized to the maximum. Red segments represent movements parallel to the segregation axis whereas blue segments represent movements perpendicular to the segregation axis. (e) Frequency (percentage) of maximum speed per run in control and Mad2 + TEV-treated embryos. Top two panels show the maximum speeds per run observed during the initial segregation phase (until 2 min after the initial separation of sister centromeres). Bottom panel shows later chromosome movements observed in Mad2 + TEV experiments (from 2 min after separation onwards). Insets show speeds > 10 μm min -1 enlarged (×5) on the y-axis. Single centromere trajectories of 80 individual centromeres were analysed (from five independent experiments). Note that during the segregation phase, the chromosome movements in TEV-induced pseudo-anaphases were consistently slower than in control embryos. Later chromosome movements were still slower overall, but were infrequently very fast (> 12 μm min -1 ).
Such reversals occured more than once, with individual chromatids moving frequently back-and-forth between spindle poles ( Fig. 3b, c ; Supplementary Information, Movie 4). These sudden changes in the direction of chromosome movement occured stochastically and started on average 2.5 min after the initial centromere separation. The trajectories of centromeres were mostly directed towards the poles (parallel to the segregation axis; Fig. 3d ) and showed infrequent, very fast (≥ 10 μm min -1 ) movements (Fig. 3e, lower panel) . Rapid changes in direction of individual chromatids did not appear to alter the trajectory of their (ex-) sisters, emphasizing that sister chromatids had fully disjoined. These observations indicate that the kinetochore-microtubule interactions established during metaphase cannot be maintained for more than 2-3 min after cohesin cleavage.
A key player in the destabilization of erroneous microtubulekinetochore interactions during mitosis is the Aurora B kinase 29 . At the onset of anaphase, Aurora B relocates from the centromeres to the midzone, which is believed to prevent re-activation of the error correction mechanism after tension has been destroyed. The trigger for the relocation of Aurora B from centromeres to the midzone is still unclear, but one possibility is that loss of centromeric cohesion (or cohesin) is responsible. To test this, we compared the dynamics of EGFP-tagged Aurora B in undisturbed and Mad2 + TEV-injected embryos. Consistent with previous studies 30 , Aurora B-EGFP localized to chromatin during early stages of mitosis, accumulated at centromeres during prometaphase/metaphase, and relocated to the spindle midzone during normal anaphase ( Fig. 4a ; for lower magnification, see Supplementary Information, Fig. S9a) . Notably, relocation from centromeres to the midzone did not occur during the pseudo-anaphase induced by cohesin cleavage, with the kinase persisting at the centromeres of individual chromatids for several minutes after TEV injection (Fig. 4a) . This shows that centromeric localization of Aurora B does not depend on cohesin, contrary to previous suggestion 17 . The persistence of Aurora B at centromeres after cohesin cleavage suggests that, by destabilizing kinetochore-microtubule interactions, Aurora B might be at least partly responsible for the frequent changes in the direction of chromosome movement. The abnormal chromatid movements after cohesin cleavage in metaphase-arrested embryos were accompanied by re-accumulation of BubRI at kinetochores ( Fig. 4a; for lower magnification, see Supplementary Information, Fig. S9b ). This indicates that kinetochore-mediated SAC signalling is reactivated by the loss of tension, a phenomenon that does not occur during normal anaphase.
Though cohesin cleavage triggers sister chromatid disjunction, it is insufficient for traction of chromatids towards poles at normal velocities, for maintaining kinetochore-microtubule interactions, for relocalization of Aurora B or for inhibiting SAC re-activation, all signs of a bona fide anaphase. Obvious candidates upon which these events may depend are mitotic cyclins 31 , which are the only APC/C targets besides securin whose proteolysis is known to be essential for mitotic exit, at least in yeast 32, 33 . If the role of mitotic cyclin degradation is merely to inactivate Cdk1, then it should be possible to reproduce this event by inhibiting the kinase. To test whether Cdk1 inactivation alone could rescue the abnormalities observed during TEV-induced chromatid segregation, we injected, together with TEV protease, human p27, a natural inhibitor of cyclin-dependent kinases 34, 35 . We first addressed the effectiveness of p27 in blocking entry into mitosis. Embryos injected with p27 during late S phase failed to undergo mitosis ( Supplementary Information,  Fig. S10a ), indicating that human p27 can inhibit Drosophila Cdk1. To test whether p27 is also effective in embryos that have been arrested in metaphase, Mad2
L13Q
-injected embryos were injected with p27, which caused an abrupt mitotic exit, as judged by chromosome decondensation. In most experiments, chromosome decondensation was accompanied by reformation of a single nucleus, but not by sister centromere separation ( Supplementary Information, Fig. S10b ). Decondensation was occasionally accompanied by formation of two chromatin masses, possibly as a consequence of spindle forces. Crucially, even under these circumstances, sister chromatids (centromeres) remained associated and moved towards the same pole ( Supplementary Information, Fig. S10b ). The lack of sister centromere disjunction suggests that separase and, by implication, APC/C Cdc20 are not activated after Cdk1 inhibition. We next tested the effect of Cdk1 inhibition in metaphase embryos in which sister chromatids were triggered to disjoin by cohesin cleavage, by co-injecting TEV protease and p27 into embryos previously arrested in metaphase (via Mad2 L13Q or UbcH10 C114S injection). Remarkably, co-injection triggered anaphases that resembled those of undisturbed embryos ( Fig. 5 ; Supplementary Information, Movies 5, 6, 7). Sister chromatids now disjoined synchronously (Fig. 5b) and moved with nearly normal velocities to opposite poles (Fig. 5c-e) where they remained until decondensation and formation of daughter nuclei. Both anaphase segregation movements and chromosome decondensation took place with kinetics similar to undisturbed embryos. In addition, co-injection of p27 along with TEV induced timely relocalization of Aurora B from centromeres to spindle midzones and prevented re-activation of the SAC due to loss of tension (Fig. 4a, b, lower panels) . These observations imply that cohesin cleavage triggers normal anaphase chromosome movements in cells arrested in metaphase by inhibition of APC/C Cdc20 only if cleavage is combined with Cdk1 inhibition.
Our finding that cohesin cleavage is sufficient to trigger sister chromatid disjunction in animal cells excludes the existence of cohesinindependent forces capable of holding sister DNAs together within metaphase chromosomes. We suggest that cohesin alone and not DNA-DNA catenation [9] [10] [11] , ORC 12 or condensin 13 exerts the counterforce opposing microtubules. Our finding that Topo II inhibition hinders segregation induced by cohesin cleavage implies that DNA-DNA catenation co-exists with cohesin-mediated connections within metaphase chromosomes. However, due to Topo II, this catenation cannot provide a significant counterforce. According to the ring model, interactions between the cohesin subunits Smc1, Smc3 and kleisin provide the forces that bear the brunt of opposing those exerted by microtubules. Once cohesin is cleaved and sister DNAs are pulled apart, any catenation persisting on mitotic chromosomes will produce (very) transient invisible anaphase bridges that generate tension, favouring decatenation. The key point is that even if molecules other than cohesin contribute to the proximity of sister DNAs within metaphase chromosomes, they do not do so in a manner that prevents kinetochore-mediated disjunction once the cohesin ring has been opened. Crucially, it is the APC/C-separase pathway leading to cohesin cleavage that is responsive to the SAC.
Our finding that cohesin cleavage in metaphase cells causes highly anomalous chromatid movements demonstrates that chromosome segregation during anaphase is not mediated merely by the loss of sister chromatid cohesion. Anaphase cells must therefore possess mechanisms not operating in metaphase cells, which ensure that kinetochores of disjoined sisters do not reactivate the SAC, move rapidly to opposite spindle poles and remain stably attached to microtubules until they reach this destination. Our experiments using co-injections of p27 and TEV demonstrate that the 'switching on' of these anaphase-specific mechanisms can be (and normally probably is) mediated by Cdk1 downregulation, which is usually caused by cyclin proteolysis. The APC/C has many substrates 1 , and separase might cleave proteins besides kleisins 36, 37 . Our observations imply that APC/C triggers mitotic cells to form daughter nuclei largely, if not solely, by activating separase and inhibiting Cdk1. Similarly, opening the cohesin ring may be the sole function of separase during this crucial transition. This conclusion is in agreement with (but due to the kinetic data goes beyond) the finding that deletion of genes encoding securin (a separase inhibitor) and a B-type cyclin permit yeast cells to undergo anaphase in the complete absence of the APC/C activator Cdc20 (ref. 32) . If an ability to 'reconstitute' a complex developmental transition is an important measure of our understanding of its underlying chemistry, then the process normally orchestrated by the APC/C and separase is simpler than thought.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturecellbiology/. . Embryos were injected at the posterior pole (up to three sequential injections) using a Burleigh MIS-5000 Micromanipulator and a custom built gas injection system, using pre-pulled Femtotip I injection needles (Eppendorf). Estimated injection volumes were between 5% and 10% of the total volume of the embryo. Embryos were injected with proteins purified from E. coli at the following concentrations: 25 mg ml - , 10 mg ml -1 TEV protease, 10 mg ml -1 catalytically dead TEV protease and 1.5 mg ml -1 His-p27 and/or 100 μM ICRF-193 (Sigma) and 1 mM colchicine (Sigma). For all double-injection experiments, embryos were allowed to arrest in metaphase for 5 to 10 min before injection of TEV protease or co-injection of TEV and p27. For triple-injections, embryos were arrested in metaphase for 3 to 7 min before a second injection with ICRF-193, immediately followed by injection of TEV protease (~1 to 2 min after ICRF injection).
M E T H O D S

METHODS
Protein purification. The Open Reading Frame (ORF) of Drosophila Mad2 (clone RE72064, Berkeley Drosophila Genome Project, BDGP) was amplified using the primers Mad2 forward (5´-TACCATGGC TCACCACCA CCACCACC-ACTCAACTGC CCAGGCGACC-3´) and Mad2 reverse (5´-TAGAAT-TCTTAAGTGC TCATCTT GTAGTTGACC-3´) to introduce a 6×histidine-tag and cloned into NcoI and EcoRI digested pETDuet-1 (Novagen). Mad2 L13Q was produced by site-directed mutagenesis using pETDuet-1-Mad2 wt as a template (CTG (Leu)→GCC (Gln)). Mad2 ∆C was amplified by PCR using primers Mad2 forward and Mad2
∆C reverse (5´-TAGAATTCTTA GGTGTCCAC CTTGTGCAGTCC-3´) to produce a histidine-tagged truncated version of Mad2, lacking eight amino acids at the carboxyl terminus that contains the Cdc20-binding motif 23 . All variants of Mad2 protein were expressed in BL21 (DE3) as described previously 22 with minor modifications. Cells were lysed in lysis buffer (LB: 50 mM Tris-HCl at pH 8.0, 0.3 M NaCl and 5 mM imidazole) with a French-press and recombinant protein was purified from cleared lysates with Talon beads (Clontech), following the manufacturer's instructions. The protein was eluted with 250 mM imidazole in LB, concentrated by ultrafiltration and further purified by size exclusion chromatography using a Superdex 75 column (GE Heathcare) equilibrated with gel filtration buffer (GFB: 10 mM Tris-HCl, 0.1 M NaCl, 0.5 mM EDTA and 1 mM DTT). For Mad2 wt and Mad2 L13Q proteins, fractions corresponding to the dimeric and monomeric forms were pooled and further concentrated to 25 mg ml -1 .
Mad2
∆C was eluted exclusively as monomers and concentrated to 25 mg ml -1 . The His-tagged p27 construct was provided by T. Hunt (CRUK, LRI, Clare Hall Laboratory, South MimmsUK). His-p27 was purified as described above with minor modifications: expression was induced at 25 ºC and cells were lysed in 20 mM Tris-HCl at pH 7.5, 0.5 M NaCl and 5 mM imidazole. Protein was eluted from Talon beads and loaded on a Superdex 200 column equilibrated with 10 mM Tris-HCl 8.0, 0.1 NaCl, 0.5 mM EDTA and 1 mM EDTA. Fractions were pooled and concentrated to 15 mg ml -1 . For injections, protein was diluted 1:10 in 20 mM Tris-HCl at pH 8.0 and 1 mM EDTA. The His-tagged human UbcH10
C114S construct 39 was provided by M. Rape (Department of Molecular and Cell Biology, University of California, Berkley, USA) and purified as described above (for p27). Protein was eluted from Talon beads and buffer was exchanged to PBS over a HiTrapQ desalting column (GE Heathcare). Fractions were pooled and concentrated to 30 mg ml -1 . Purified active and catalytically inactive (C151A) TEV proteases were described previously 3 , and were used at 10 mg ml -1 in 20 mM TrisHCl at pH 8.0, 1 mM EDTA, 1 mM NaN 3 , 50 mM NaCl and 2 mM DTT. mRNA synthesis. The ORF of Dm Aurora B (clone LD39409, BDGP) was amplified by PCR using the primers 5´-ATATGGCTAGC ACGCTTTCCCGCGC GAAGCACG-3´ and 5´-ATGCTAGCATT TCTGG CCGTGT TCTCCTTGCCG-3´, digested with NheI and cloned into the NheI site of pRNA-EGFP vector 40 , creating the vector pRNAAurora B-EGFP, in which the C-terminal tagged ORF of Aurora B was flanked by 80 bp 5´ and 200 bp 3´ untranslated regions of the human globin gene. For N-terminal EGFP fusion, the ORF of DmBubRI (clone LD23835, BDGP) was amplified by PCR using primers 5´-ATATGGCTAGCGACTTTGACAATGCGAAAGAGAAC-3´ and 5´-ATGCGGCCGCTTTCTGCAATATCGTGTTAAAC-3´, digested with AvrII and NotI and cloned into the SpeI and NotI sites of pRNA, creating pRNA-EGFP-BubRI. Capped mRNAs were synthesized by in vitro transcription using the mMessage mMachine T3 kit (Ambion) and purified with RNeasy columns (Qiagen). mRNA was eluted in RNase-free water and injected at ~ 0.2-0.8 μg ml -1 .
Microscopy. Aligned embryos on coverslips were covered with Series 700 halocarbon oil (Halocarbon Products Corporation). Time-lapse microscopy was performed with an inverted wide-field DeltaVision microscope (Applied Precision Inc.) equipped with a 100×,1.35 oil immersion objective at 22-24°C in a temperature controlled room. One stack of 10 frames was acquired every 20 s (or every 5 s for movies used for kymographs) using a Roper Cascade II backthinned 512×512 EMCCD used in conventional readout mode. Outof-focus light was reassigned to its point of origin using SoftWoRx Resolve 3D constrained iterative deconvolution algorithm (Applied Precision Inc.). Deconvoluted images were projected using softWoRx software. Movies were assembled using ImageJ software (http://rsb.info.nih.gov/ij/) and selected stills were processed with Photoshop.
Quantitative analysis of averaged chromosome segregation profiles and single centromere movements. For quantitative analysis, images of centromere movements (Cid-EGFP) during mitosis 10 and 11 were taken every 5 s. For analysis of averaged segregation profiles, kymographs were generated from time-sequential images using ImageJ software as follows: When required, images were aligned to correct for internal movement using either the Align Slice plugin (manual alignment) or StackReg plugin 41 . To collate data from different experiments, the time of each kymograph was aligned to the frame preceding the first signs of sister centromere separation (time zero). A 30-pixel-wide line (equivalent to 4.7 μm) was placed along the segregation axis, perpendicular to the metaphase plate; kymographs were constructed by stacking the images time-sequentially with a kymograph plug-in (written by J. Rietdorf and A. Seitz, EMBL, Heidelberg, Germany). The contrast of the resulting kymograph was adjusted automatically. To calculate segregation velocities for separating centromeres (n = 30 kymographs, each corresponding to a single metaphase-plate, originated from six independent experiments for each experimental condition), we used an in-house developed software, Particle Stats (Hamilton et al., submitted) . Briefly, each kymograph is split into two halves (left and right centromeres). Pixel intensity values for each time point were extracted and the noise levels were estimated using the edge pixel values with an additional threshold of 85% of the maximum intensity above noise. A weighted average mean distance, which accounts for pixel intensity, was used to determine the average separation distance from the centre, for each half of the kymograph. To determine segregation speeds, we used linear regression to best fit the mean distances over a specified time range (between 30 and 90 s). The segregation velocities for each nuclear division were obtained by averaging the two values calculated for each half of the kymograph. For measurement of single centromere behaviour, Cid-EGFP labelled centromeres were manually tracked and movements were analysed using Particle Stats. Movements were divided into runs and pauses (pause distance < 0.5 μm with a minimal linear run distance of 0.8 μm). The angle and direction (away (-) vs towards (+) start point) of travel for runs was calculated relative to a manually defined segregation axis. Instant speeds were calculated using overlapping windows of three frames for each run (pauses were ignored). 
Figure S3
Kinetochores are under tension in Mad2 L13Q -and UbcH10 C114S -induced metaphase arrest. a) Distance across centromeres (between sister Cid-labeled dots) measured in control (uninjected) metaphases, in Mad2 L13Q -or UbcH10 C114S -arrested metaphases and in chromosomes from embryos injected with 1 mM of colchicine (a drug that depolymerizes all the microtubules and therefore leads to loss of tension); scale bars are 2 µm and insets are 2x magnified; graph shows average distance represented as mean ± s.d.; for each experimental condition n ≥ 160 kinetochore pairs; *** P<0.0001; # P>0.05 (two tailed students t-test); note that even though arrested metaphases have slightly, yet significantly smaller centromere separation, the distance across the centromere after metaphase arrest is still significantly larger than in centromeres lacking tension (colchicine); b) embryos expressing EGFP-BubR1 and His2A-mRFP1 from control and 
Figure S10
Injection of p27 prevents progression through mitosis and triggers mitotic exit without nuclear division in metaphase-arrested embryos. Analysis was performed in embryos containing both His2Av-mRFP1 (red) and Cid-EFGP (green). a) Injection of 1.5 mg/ml of human p27 during S-phase prevents subsequent mitosis; after an initial condensation, chromosomes decondense and revert to a pre-mitotic state; pericentromeric regions remain condensed, despite the Cdk1 inhibition; b) two examples of embryos arrested in metaphase (with Mad2 L13Q ) followed by injection of 1.5 mg/ml human p27. Under these circumstances, p27 can trigger mitotic exit, as judged by loss of chromosome condensation. In most experiments (left), chromosome decondensation is accompanied by re-formation of a single nucleus without sister centromere separation. Decondensation is occasionally accompanied by formation of two chromatin masses (right), possibly as a consequence of spindle forces. Even in these situations sister chromatids move together towards the same pole of the cell. Scale bars are 10 μm. Insets show higher magnification (2.5x) of a mitotic nucleus.
